We present a semi-xed-length motion vector coding method for H.263-based low bit rate video compression. The method exploits structural constraints within the motion eld. The motion vectors are encoded using semi-xed-length codes, yielding essentially the same levels of rate-distortion performance and subjective quality a c hieved by H.263's Hu man-based variable length codes in a noiseless environment. However, such codes provide substantially higher error resilience in a noisy environment.
Introduction
Low bit rate video compression is becoming increasingly important due to present and forthcoming video applications, such as video telephony o ver analog telephone lines or over wireless channels. This ever-expanding area has generated an extensive amount of research w ork 1, 2, 3, 4, 5 and increased standardization activities, especially those of the H.263 6 and MPEG-4 groups 7 .
The H.263 video standard 8 was developed mainly for videophone and video conferencing applications with a target bit rate of 64 kilobits per second kbps and below. It is based on techniques common to many current video coding standards. Motion-compensated prediction, usually based on simple block matching algorithms BMAs, rst removes temporal redundancies. DCT-based algorithms are then used for residual coding. However, the H.263 standard also allows for more advanced prediction techniques and more exible macroblock coding modes than the earlier H.261 and MPEG standards. These new features address the fact that, in a H.263 framework, the number of bits representing the motion eld is quite signi cant, as compared to the total number of bits required by the video coder 9 .
This work was supported by the Natural Sciences and Engineering Research Council of Canada and AVT Audio Visual Telecommunications Corporation. As speci ed in the H.263 standard 8 , motion vectors are encoded by applying variable length codes VLCs to di erence motion vectors, obtained by subtracting two-dimensional median predicted vectors from the actual motion vectors. The horizontal and vertical motion vector components are coded independently, using the same VLC table. In the presence of channel errors, such a v ariable length coding technique can easily cause a loss of synchronization, a potentially serious problem in an error prone communication environment.
We propose an e cient motion vector coding method that addresses the above problem. Motion vector coding involves employing semi-xed-length codes to represent the prediction difference vectors. A H.263-based coder employing the proposed motion vector coding techniques is shown to achieve essentially the same level of performance as the same coder employing H.263's VLCs. This is expected since most of the motion vectors in a low-resolution video sequence used in a typical H.263 application are usually slowly varying and or equal to zero vectors. The advantage of our method, however, is that the corresponding video coder generates bit streams which are more error resilient than those of H.263 compliant coders. In the next section, we describe our motion vector coding method. Simulation results for transmission over a Binary Symmetric Channel BSC and a GSM channel are presented in the following section. Conclusions are provided in the last section.
2 Semi-Fixed-Length Encoding of the Motion Vectors An H.263 standard compliant encoder employs the same VLC table to encode each of the two components of the median prediction di erence vector. To improve c hannel error resilience, H.263 provides the ability to insert a synchronization word in the bit stream after a certain number of Group of Blocks GOBs, where the synchronization frequency is user-speci ed. Using the above approach, an error in a motion vector will likely propagate until the next synchronization word is detected in the bit stream. However, by using semi-xed-length motion vector encoding techniques 10 and protecting the important part of the motion vector bits, the probability of error propagation can be minimized, at the expense of only a small increase in total bit rate.
Experimental results indicate that a large percentage of the motion vectors selected using a full search motion estimation method belong to either Region 0 or 1 see Figure 1 . By minimizing the lengths of the corresponding codes, most of the coding gain achieved by H.263's VLCs can still be obtained. In 10 , a simple semi-xed-length coding method was developed that improves channel error resilience signi cantly. However, such a method works only for integer-pel accuracy motion vectors. Moreover, motions vectors which do not belong to the probable region are assigned codes representing the nearest candidates which belong to the probable region. Our proposed method is designed for half-pel accuracy motion vectors, as they yield a signi cant performance improvement 11, 6 , especially at the higher bit rates e.g., as much as 2 dB at 64 kbps. Furthermore, motion vectors belonging to the outer layers are also assigned codes, as their exclusion can often result in a considerable performance degradation.
Based on the statistical behavior of the localized motion eld, the search area centered at the predicted motion vector is divided into ve regions. Figure 1 depicts the di erence motion vector regions and Table 1 represents the associated codewords and their probabilities. A tree representation of the header part is shown in Figure 2 . The popular gray encoding method was employed to generate the speci c codes for the di erence motion vectors. Region 0 corresponds to the 0; 0 di erence motion vector and is represented by one bit, as this vector is almost always the most probable one. In terms of encoding e ciency, the proposed method is very close to using H.263's VLCs. Using a training set of 11 standard QCIF video sequences, our method yields an average difference motion vector code length of 4:64, as compared to an average of 4:21 for the VLC method. The advantage of our coding method, however, is that we are now able to protect a small portion of the motion vector code header shown in Figure 2 , increasing signi cantly error resilience. Of course, this method may impose some additional complexity and processing delay, since the motion vector bits are here treated as data blocks 1 .
To illustrate the higher channel error resilience of the proposed method, a rate compatible punctured convolutional RCPC channel coder was used 12, 13 to protect the motion vector header. This type of convolutional coder provides an e cient means of realizing variable protection rates using a single encoder decoder pair. We design the error protection system so that it o ers two or more di erent o verall bit rates. The system employs channel-state information to decide what rate should be used. The selected rate can be speci ed in the bit stream syntax. The RCPC coder used here is described in 13 and is based on a rate 1 4 mother convolutional code.
Experimental Results
In our simulations, the proposed motion vector coding method is evaluated within a low bit rate video coding framework employing the UBC H.263+ software coder 14 . We compare the performance of our semi-xed-length coding method to the VLC method for the coding of motion vectors in noiseless and noisy environments.
Performance of the semi-xed-length codes in a noiseless environment
We rst compare the semi-xed-length encoding method to the H.263's VLC one a noiseless channel environment with no header protection, while employing full-search motion estimation in both cases. Frames 0 to 149 of the following 11 QCIF sequences were encoded at 10 frames per second fps. : carphone, miss america, container ship, coastguard, claire, foreman, grandma, mother-daughter, salesman, suzie and trevor. Exact bit rates are obtained using TMN-8 15 rate control method.
The results are shown in Table 2 . The VLC method is only 0:02 dB, on the average, better that ours. Notice that our resulting encoder even outperforms slightly the VLC-based one in PSNR when coding slow-motion video sequences. This is due to the fact that the proposed method uses less bits for small di erence motion vectors, making available more bits for quantization and coding of the di erence macroblocks.
3.2 Performance of the semi-xed-length codes in a noisy environment A unique advantage of the new encoder is that we n o w h a ve the exibility to protect the motion vector header using a few additional bits, yielding signi cantly increased channel error resilience. Using a RCPC coder, protection levels can be adjusted according to di erent noise sensitivity levels of the proposed semi-xed-length codes, thus achieving unequal channel protection UCP. UCP usually outperforms equal channel protection ECP, as the former applies more protection to more important bits. However, UCP cannot be easily applied to VLCs.
To maintain zero-tolerance for bit errors in the header part of the code, very high protection rates are applied to this part. Since the size of this header is relatively small, high channel error protection is usually not costly in additional bits. Bit errors in the remaining part of the code will produce localized reconstruction errors, but they will not cause loss in synchronization, as the length of this part is xed. For comparison purposes, ECP is applied to H.263 VLCs.
The Binary Symmetric Channel BSC is employed as the channel model in our rst set of simulation experiments. A random number generator is used to produce a binary noise pattern with a bit error rate BER exactly equal to the target one. We h a ve experimented with several levels of protection before designing a UCP system having a good overall source-channel coding performance over a wide range of BERs. In our simulations, the video sequences miss america 10 fps, akiyo 10 fps and carphone 5 fps are coded at an overall bit rate of 9.6 kbps. At this low bit rate, a large proportion of the bit stream is used for the coding of the motion vectors. For example, 30 of the carphone bit stream contains motion vector data. The source-channel coding simulation for each BER is repeated more than 100 times, and the average PSNR value is recorded. Table 3a lists the source coding and channel coding rates for the semi-xedlength motion vector codes and H.263's VLCs. The total bit rate of 9.6 kbps includes both the source coding and the channel coding bits in both the semi-xed-length coding and the VLC cases. The simulation results are shown in Figure 3 . As expected, when no protection is applied, both the VLC and the semi-xed-length coding methods lead to signi cantly lower PSNR and subjective quality levels. Employing ECP for the VLC-based coder improves the performance at the lower BERs. However, the performance degrades signi cantly at the higher BERs. Clearly, UCP applied to the semi-xed-length codes provides a substantial performance advantage, by a s m uch as 6 dB at a 5 BER.
In order to illustrate the bene ts of our method in a wireless environment, a GSM error pattern 2 is employed as the channel model in our second set of experiments. This pattern consists of 37.5 seconds of transparent GSM data using the GSM standard, which employs a 1 2 rate convolutional coder punctured down to a 5 6 rate, and simulated in the Tu50 Typical Urban 50 km h channel mode. Also in this set of simulation experiments, the sequences miss america 10 fps, akiyo 10 fps and carphone 5 fps are coded at an overall bit rate of 9.6 kbps. The source-channel coding simulations for each Carrier power to Interferer power ratio, or C I , is repeated more than 100 times, and the average PSNR value is recorded. Table  3b lists the source coding and channel coding rates for the semi-xed-length motion vector coding and VLC methods, both designed for burst channel errors. More error protection was applied to the header part of the semi-xed-length coder to counter the e ects of burst errors. Simulation results are shown in Figure 4 . Again, UCP applied to the semi-xed-length codes provide substantially better overall PSNR performance as compared to ECP applied to VLC, by a s m uch as 6 dB at a C I ratio of 9 dBm. Subjective quality improvements are also signi cant. Loss of synchronization due to channel errors usually localizes the decoding errors, often making the decoded video sequence unusable. This is mainly due to the loss of a whole sequence of macroblocks. Of course, the sequence length depends greatly on the frequency of synchronization words. Adding a few protection bits to the header in our coder can eliminate the potentially catastrophic behavior of a VLC-based H263 coder, where a large number of whole macroblocks in a P-picture can be lost, that is, 2 The error pattern was provided by T elia Research AB, and it is currently used within the ITU-T international standardization community for testing purposes.
until the next synchronization word is found.
Conclusions
We h a ve presented an e cient motion vector coding method that increases channel error resilience, with very little loss in PSNR performance and no loss in subjective quality in a noiseless environment. The proposed method produces a new motion vector code structure that is robust with respect to input video statistics by allowing half-pel motion vectors and relatively large search areas. In a noiseless environment, the proposed method yields essentially the same levels in PSNR and subjective quality as compared to H.263's VLCs. However, the semi-xed-length coding method can be used in conjunction with an unequal error protection coder, leading to higher channel error resilience. To illustrate this, the proposed method was tested using both a BSC model and a GSM fading channel model, providing substantially better overall PSNR performance. Finally, while the proposed semi-xed-length coding method makes the resulting coder not compliant with H.263 H.263+, it will be proposed for inclusion in H.263++. Table 3 : Source coding and channel coding rates for a BSC and b GSM error patterns.
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